Abstract--This paper is concerned with the development of a fast computational methodology for dynamical estimation of the temperature in transmission cables solely based on current measurements and an enhanced version of the lumped parameters model, also denoted thermo electric equivalents (TEE). It is found that the calculated temperature estimations are fairly accurate -within 1.5 o C of the finite element method (FEM) simulation to which it is compared -both when looking at the temperature profile (time dependent) and the temperature distribution (geometric dependent). The methodology moreover enables real time emergency ratings, such that the transmission system operator can make well-founded decisions during faults. Hereunder is included the capability of producing high resolution loadability vs. time schedules within few minutes, such that the TSO can safely control the system.
I. INTRODUCTION
HE present paper will introduce a methodology for fast estimation of dynamic temperatures in transmission cables, as well as enabling online dynamic temperature predictions.
The generally accepted method for rating of transmission cables follows the IEC 60287 standard [1] , which is used to calculate the ampacity/loadability under steady state and worst case conditions. The limiting parameter for loadability of cables is the temperature, either at the conductor or at the jacket; however transmission systems are operated on the basis of power and voltage, and the loadability of a cable is therefore not given as a temperature but as a current.
It is implied by the term steady state rating that the thermal inertia is neglected in the equations and the temperature will thus, most of the time, be well below the steady state rating. Furthermore, the steady state current rating includes, as stated, the worst case conditions. These worst case conditions will only rarely, if ever, be fulfilled, and the cable will therefore for the largest part of its lifetime be underutilised. These facts are well acknowledged and researchers have therefore tried to develop dynamic thermal rating (DTR) methods for cable systems. Some of these methods utilise finite element methods (FEM) (e.g. [2] ), some are concerned with online temperature measurements (e.g. [3] ) and yet again some utilise analytical methods (e.g. [4] ).
The standards focus mainly on steady state calculations; however some dynamics are included [5] , as they are concerned with both cyclic and emergency ratings. Again, these ratings are given as currents.
For doing these rating calculations, the standards utilise the resemblance between current flowing in an electric circuit, and heat flowing in a thermal circuit, the so called thermo electric equivalents (TEEs), based on electrical lumped parameter models. In [5] the TEEs are developed to consist of two loops, one for the internal part of the cable and one for the cable surroundings. This simplification allows for distinguishing between slow and fast temperature changes.
It is the intention of the present study to develop a general methodology which can be used for estimating the temperature in transmission cables dynamically, without distinguishing between slow and fast temperature changes.
Moreover, the study should develop tools for calculation of real time emergency ratings, which can help the operator of the transmission system to make fast choices during faults.
It is furthermore the aim that the model should be independent of temperature measurements, the computational time should be low and the method should be able to predict the temperature in the transmission cable solely based on estimated loading profiles.
Unless otherwise stated, the authors have used Matlab for calculations and production of graphical elements.
All Matlab simulations have been run on a 3.1GHz four processor, 64-bit Windows server 2008 with 4GB of ram.
All finite element simulations have been run on a 2.7GHz quad-core, 64-bit Windows 7 PC with 8GB of ram.
II. METHODOLOGY
As mentioned, there are a number of different approaches to take when the goal is to estimate temperatures in cable systems.
Firstly, FEM can in principle give results almost as accurate as one wishes, the size of the elements in the simulation can simply be made 'infinitely' small and all subcomponents can be included to a very detailed level. However the computational time is highly dependent on the number of Dynamic Temperature Estimation and Real Time Emergency Rating of Transmission Cables R. S. Olsen, J. Holboll and U. S. Gudmundsdóttir T 978-1-4673-2729-9/12/$31.00 ©2012 IEEE elements in the model, and the simulation can therefore become very long, even for relatively simple systems.
The second option is to use the semi-analytical approaches as done in [4] . This approach is capable of calculating the continuous thermal field in the insulation by assuming simple boundary conditions. According to [4] , the method is fast but some inaccuracies must be accepted. There is a risk that the simplifications, which are necessarily made with respect to boundary conditions, will result in accumulated errors, which will especially arise when a continuously varying load is imposed on the cable and not just a single current step. A number of other methods have been investigated, such as e.g. the Finite Difference Method (FDM), time series analysis, etc. However the only serious competitor to the previously two described methods, as it is seen by the authors, is to enhance the models proposed by IEC in e.g. [5] . The computational time is expected to be low compared to FEM, but the drawback is a possible less accurate calculation. One can argue that TEEs are simplified equivalents of FEM models; however FEM models are capable of easily implementing unsymmetrical parts, which is difficult in TEEs. The implementation of multiple cables is necessarily very simplified in the TEEs, whereas the FEM approach enables highly accurate implementation.
The lumped parameters model has proven sufficiently accurate for steady state analysis and to some degree it is possible to extend this accuracy to dynamic models also. As compared to the time demanding FEM simulations, the expected low computational time, required by TEE, introduces the perspective of including and utilising thermal calculations into entirely new applications in transmission system operation. In the following, FEM will only be used for parameter estimation and model verification.
TEEs are used e.g. in [1] for determination of the steady state ampacity and in e.g. [5] for cyclic and emergency ratings. However, the present study is not concerned with cyclic or emergency ratings, but true dynamic temperature estimations. It is therefore not sufficient to use the two loop TEEs which are suggested in [5] .
As described, the concept of TEE is built on the resemblance between heat flowing in a thermal circuit and current flowing in an electric circuit. This means that thermal capacitances will be implemented as electrical capacitances in the TEE, and the thermal resistances will be inserted as electrical resistances. The heat sources in the different subcomponents of the cable will be implemented into the TEE as current sources. In the present study heat sources have been implemented at the conductor (W c ), in the dielectric (the dielectric losses are split into two: W d1 and W d2 ) and in the screen (W s ).
Creating the dynamic TEE in this way makes it possible to follow the temperatures at the different subcomponent interfaces. The temperatures will appear in the TEE as voltages at the different nodes.
In Fig. 1 the simplest of such a TEE is shown for an unarmoured single phase cable. As it is seen from the figure, the thermal resistances of the metallic parts of the cable are neglected. This is assumed valid as the thermal resistivity of metals is usually two orders of magnitude smaller than the thermal resistivity of other parts of the cable.
It can be noticed from the above description and Fig. 1 , that smaller subcomponents, such as semi conducting layers, are not included in the model. This is not due to restrictions in the methodology, but merely for easing the explanation of the proposed procedure.
The circuit in Fig. 1 is suitable for steady state and dynamic temperature estimation under constant and varying currents leaving the sources.
The proposed methodology has the inherent property of increasing the accuracy of the model with the cost of increased calculation time. By dividing the different subcomponents into several π-sections, a more accurate estimation of the temperature profile becomes available. This is an important feature, as the user of the model can choose the accuracy which is sufficient, and still have the benefit of high computational speed.
In clause III. it is shown why it can be important to utilise the possibility of increasing the accuracy of the model.
Considering simulation of the behaviour of a TEE circuit, it was chosen to solve the differential equations of the TEE at all nodes analytically [6] , which means that the solution time can become very low.
The differential equations defining the 3-node system of Fig. 1 have for clarity been reduced to the matrix form as seen in (1).
An analytical solution requires the calculation of the Eigen values and Eigen vectors for the system matrix of (1). 
Here θ amb , θ e , θ s and θ c are the ambient (above ground), jacket, screen and conductor temperatures respectively, and we define three capacitances:
The indices of these capacitances are: Conductor (c), dielectric (d), screen (s), jacket (j) and surrounding soil (soil).
The thermal resistances (T) are defined according to their physical position in the cable as it is seen in Fig. 1 and given in [7] .
(1)
The solution to (1) 
According to e.g. [6] , the solution to such an equation system is as given in (2) . The steady state temperatures at infinite time can be easily calculated by using the circuit of Fig. 1 and discarding the thermal capacitances.
The three constants (c 1 , c 2 and c 3 ) are determined by using the initial temperatures, which can be assumed to be equal to the ambient temperature if no previous load has been applied to the cable.
It should be noted that by increasing the accuracy of the model by splitting the subcomponents into more π-sections, the number of nodes will increase, thus the size of the system matrix of (1) and the computational time will also increase.
A. Parameter Sizes
In the present study, the thermal resistances (T i ) are calculated according to the suggestions of [7] . The thermal resistivities (ρ i,thermal ) of the individual layers are in this reference multiplied by a factor (G i ) depending on the geometry of the cable. The thermal resistance is therefore calculated as it is rephrased in (3), where i is the layer (e.g. dielectric, jacket, etc).
The losses in the conductor and dielectric are simply given by:
R θ,AC being the temperature dependant AC resistance, I is the current, f is the system frequency, C el is the electrical capacitance of the cable, U 0 is the phase to ground voltage and tan(δ) is the dielectric loss factor.
It is in [1] assumed that the screen losses can be assessed directly as a fraction of the conductor losses. This approach is therefore also used in the present study. However the formulae used for the calculation of this quantity is highly dependent on the screen type, laying condition and bonding configuration. It is also recognised in [1] that the losses, under certain conditions, can become very small or even negligible.
The thermal capacitances are calculated by using the geometric parameters of the cable, given by the manufacturers, and utilising specific heat capacities typical for the materials involved.
The thermal capacitance and thermal resistance of the surrounding soil are usually the difficult quantities to determine due to their size and unsymmetrical heat flow.
Models are available for the thermal resistance of cable surroundings, but the authors have found only limited literature within the area of thermal capacitance. Furthermore, the models for thermal resistance are mainly aiming at steady state conditions. For that reason models on how to divide the soil equivalent into more π-sections is not thoroughly described in the literature.
On that background, it was chosen here to model the thermal capacitance of the soil with a cylinder centred at the centre cable and with a radius equal to the laying depth. The assumption is that such a cylinder will overestimate the thermal capacitance, compared to what will be experienced in real life. The heat will, in real life, seek mainly to the surface of the ground, whereas in the thermo electric equivalent, the heat is approximated to be distributed symmetrically away from the cable. This difference will result in the cylindrical approximation of the thermal capacitance of the soil being an overestimation, when comparing to what will be seen in real life experiments. The quantification of this overestimation and more suitable soil equivalents are left for future research.
The thermal resistance of the soil is known as varying a lot and being dependent on a number of parameters, e.g. moisture content. Also some laying configurations promote better thermal conditions than other. However the publications describing the thermal resistance of the soil are, as stated, almost solely concerned with steady state conditions (see e.g. [7] and [8] for extensive descriptions). On the basis of these steady state quantities, the present study uses some approximations in order to calculate the thermal conditions. For three single phase cables with an outer diameter of D e , laid in flat formation with axial spacing of s 1 , installed in a depth of L and in soil with a thermal resistivity of ρ soil,therm , the thermal resistance T 4 can, according to [7] , be calculated as follows.
( ) Where: u=2L/D e Equation (6) reduces to (7) when u is much larger than unity, which is a normal condition.
In the present study, the material specific parameters of Table 1 have been used. 
420kV insulation, copper wire screen with a total cross sectional area of 200mm 2 and aluminium water blocking foil. The geometric quantities of the cable have been obtained from the NKT product catalogue [9] . The manufacturer's reference for this cable type is '1-leder PEX-AL-LRT 420 kV'. The important cable geometries are given in Table 2 . The cables are laid in flat formation with 70 mm of spacing in between neighbouring cables and laid in a depth of 700 mm.
A. Models 1) Finite Element Model
The FEM model is designed in 2D as seen in Fig. 2 . The cables are modelled as four subcomponents, a solid aluminium conductor, XLPE insulation, solid copper screen and XLPE jacket. Conductor and screen are modelled as solids, which is done for simplicity and it is assumed that only limited errors will be introduced when only thermal equations are to be solved. Comsol is capable of combining the electric and thermal physics, however in the present study, focus is on validating the thermal models, and therefore only the thermal physics in Comsol are utilised. The size of the heat inputs are therefore calculated based on the equations given in [1] .
The soil is in Comsol modelled as a large square part (denoted 4 on the figure) in combination with the infinite elements (1, 2, 3, 5 and 6), which limit the boundary effects.
It may appear that the model is small, so in order to confirm the sufficiency of it, a larger version was modelled as well, which gave identical results.
2) Thermo Electric Equivalents
The thermo electric equivalents of this study are designed according to the description of the preceding sections.
It is known that the thermal properties of the insulating material have a large impact during fast load changes (see e.g. the discussion on Van Wormer coefficients in [8] ), why a division of the dielectric into multiple π-sections is reasonable. However for longer lasting load changes, the surrounding material will also have a large impact, why it is equally reasonable to divide the soil into multiple π-sections.
As this study is primarily concerned with dynamic load conditions the authors have focused on the long time scale. The remaining of this paper therefore deals with π-sectioning of the surrounding material, but it is to be noted that in order for the model to become more accurate, especially for fast load changes, π-sectioning of the dielectric may be highly necessary.
Regarding the division in π-sections, the laying depth was divided into k equally large intervals as shown in Fig. 3 . In Fig. 3 k is equal to three. It is seen that the thermal capacitances in this case must be calculated via the specific heat and the volume of hollow cylinders. In the figure is, for simplicity, shown the single cable case. The thermal resistance of the cable surroundings is divided into zones. In this figure a single cable is shown for simplicity. The soil is seen to be divided into three resistance parts.
The thermal resistance of the individual π-sections has been calculated based on adapted versions of the steady state equations of e.g. [8] . It should be noticed that the thermal resistance of Zone 3 is not equal to that of Zone 1 because the ratio of the radii is smaller. It is thus not sufficient simply to divide the thermal resistance T 4 , as calculated by (7), with the number of intervals, k. Equation (7) is therefore used in an adapted version to calculate the thermal resistance of the individual zones. The thermal resistance of Zone 'x' (for the simple model of Fig. 3 , x can be the numbers 1, 2 or 3) has in the present study been calculated as seen in (8). (8) that the thermal resistance is broken into two parts. The first part, related to the first logarithmic term, is concerned with the thermal resistance caused by the size of the zone. The second part, related to the second and third logarithmic terms, is concerned with the influence of the neighbouring cables.
It is seen from (8) that the first part of the formulae takes care of the difference in thermal resistance for the different zones. On the other hand, the second part of (8) shows that the present study assigns an equal quantity of the influence of the neighbouring cables for all zones. The latter is an approximation, however for simplicity, this approach has been chosen.
It should moreover be noted that the thermal parameters are assumed constant throughout the modelled timeframe. This means e.g. that no dry out of the soil is assumed. Again it is emphasized that this is not a limit enforced by the methodology, as ρ soil,therm can easily be made dependent on the distance from the cable (r x ), but that the assumption is included for simplifying the explanation of the model.
In the following clauses, the sensitivity of the above described π-section division is tested.
The internal parts of the cable are, for simplicity, modelled as seen in Fig. 1 . This means that no additional π-section division is performed for the cable subcomponents. It was considered to include Van Wormer coefficients as they are given in e.g. [8] , however these coefficients change according to whether the transient is short or long lasting, and an inclusion in a dynamic study, such as the present, is therefore not meaningful.
To increase accuracy of the modelled thermal behaviour, the authors suggest that the thermal parameters, of the internal parts of the cable, can be divided into more π-sections in a similar way as it is done for the soil in (8) . In this way it will also be possible to distribute the dielectric losses more evenly throughout the insulation. However, as mentioned, for simplicity, π-sectioning is used on the surrounding soil only.
B. Load Profile
The cables have in the present study been subjected to the load profile seen in Fig. 4 . It has been chosen to vary the load in steps; however this is not a limitation in the methodology of TEE.
It is assumed in the present study that the screen losses can be neglected. This may be a valid assumption, when proper bonding, etc. is performed, see [1] for confirmation. On the other hand, for cables operated at voltages at transmission level, dielectric losses cannot be neglected. The present study therefore includes dielectric losses (W d ), and the size is determined by (5) as suggested in [1] .
The dielectric losses are estimated to be 11.7 W/m for the given cable.
C. Temperature Profiles
In this paper a clear distinction is made between temperature distribution and temperature profile. A temperature distribution (dealt with in clause III. D. ) is the geometrical description of the temperature, which means the temperature at different locations in the cable. On the other hand, the temperature profile is concerned with time variations of the temperature at the different sites of the cable.
In Fig. 5 the temperature profile as calculated by the TEE methodology for 1, 10 and 100 π-sections is shown. Fig. 5 furthermore shows the same temperature profile calculated by FEM as it can be designed in Comsol. Fig. 5 shows how sensitive the TEE methodology is to the number of π-sections which the soil is divided into. It is clear from the figure that a single π-section is not sufficient for modelling the dynamic thermal behaviour. Modelling with ten π-sections also seems to deviate from the FEM simulation, although for certain purposes it might be sufficient. One hundred π-sections are seen to follow the FEM simulation very accurately for the given load profile, and in case of a need for high accuracy, this is the obvious choice among the three shown simulations. Furthermore the method was tested with five hundred π-sections. However no significant improvement can be seen as compared to one hundred π-sections. The drawback of a comparable high number of π-sections is, as previously discussed, the increased computational time. Fig. 6 shows the computational time as a function of the number of π-sections. It is seen from the figure that the relation is not linear; however the computational time is only increased approximately two and a half times when the number of π-sections is doubled. It should be noted that the FEM simulation performed in Comsol Multiphysics took more than 11 minutes of computational time to solve the problem defined in Fig. 2 , while, as shown in Fig. 6 , the TEE simulations with 100 π-sections only took 35 seconds. Increased speed of the FEM simulations can be obtained by utilising the vertical symmetry around the centre cable, but it is expected that such a symmetrical analysis will only halve the computational time.
Based on the above observations it was decided to model the soil by using one hundred π-sections. In case of a need for fast calculations, Fig. 5 shows that ten π-sections can give fairly accurate results.
D. Temperature Distribution
The temperature distribution is, as mentioned, a measure of the temperature at different sites in the cable system. Fig. 7 shows the temperature distribution at time t = 0 s for the cable modelled in Fig. 5 . It has to be emphasised that increased accuracy can be obtained without the need for major changes in the methodology. One of the inaccuracies lies in the calculated thermal resistances as calculated by the IEC standard. These inaccuracies are not further dealt with in this paper, as the inaccuracies could just as easily be in the FEM simulations.
Moreover it should be remembered that the thermal capacitance of the soil is approximated with a cylindrical shape which is not quite accurate.
Dealing with both of these issues is left for future research activities.
E. Temperature Estimation and Prediction
A difference exists between temperature estimation and temperature prediction.
Temperature estimation is concerned with estimating the temperature based on measurements of the current. This quantity can tell about the history of the thermal conditions of the cable, as well as determine whether an existing thermal state of the system is acceptable or not. Any inaccuracies in the temperature estimation thus lie in either the current measurements (not likely with today's SCADA systems) or in the thermal model.
Temperature predictions are concerned with the future, and predictions about the load profile are therefore necessary. The uncertainties in the temperature predictions are therefore at least two-fold, as they include both uncertainties in calculating the temperature and in the predictions of the load profile.
From the calculations point of view, it makes no difference whether the data input are existing measurements or predictions, and the same formulae can therefore be applied.
F. Loadability vs. Time
An obvious application of the methodology described, is to determine the emergency rating of transmission cables very quickly. This includes schemes which tells the operator of the cable how much he can overload the cable under the given conditions and for how long. Such calculations can be easily performed by using the TEEs.
If it for instance is assumed that the history of the temperature is as given in Fig. 5 . At the end of the given temperature profile, a fault happens in the transmission system, causing overloading of the cable. The operator now has to know how much and for how long he can overload the cable. The TEE methodology described in this paper will, within less than one minute, be able to display Fig. 9 , informing the operator about the available time for reaction and reconfiguration of the system. Fig. 9 : Loadability of the cable vs. time. During a fault in the transmission system which causes an overloading of the cable, the figure will help the system operator to make proper decisions about how fast he needs to take action in order to prevent damage to the cable.
Faster calculations can of course be made by using fewer π-sections as a first response to a failure, and by including proper safety margins in the analysis, this might be sufficient. After such a fast, preliminary calculation, the more accurate one hundred π-section calculations and an even longer timeline, e.g. two weeks, can be given.
The latter is especially important when dealing with cable grids, as repair times usually are not measured in days but in weeks.
IV. CONCLUSION
The present study has introduced the basic ideas behind the use of fast thermo electric equivalents (TEEs), also denoted the lumped parameters model, within dynamic temperature simulations of transmission cables. The TEE methodology has shown to be capable of making accurate calculations when comparing to a finite element model (FEM), even for highly dynamic load variations.
In order to develop the true dynamic methodology, the authors had to adapt changes to the internationally accepted standard way of calculating the thermal resistance of the cable surroundings. Especially when dividing the cable surroundings into many π-sections, the methodology proved very accurate, while maintaining a low computational time.
The TEE methodology in the paper is shown to be capable of accurately determining both temperature distributions (geometric dependent) and temperature profiles (time dependent). This enables the operator of the cable system to supervise the current thermal state of the transmission system.
It is moreover shown in this paper that the TEE methodology is capable of helping the operator when failures occur in the system and overloading of the cable is necessary. The TEEs enables a reliable overview of how long and how much the cable can be loaded without risking thermal damage to the cable.
